Introduction
Ferromagnetic materials have been widely used for transformer, sensor, actuator, etc. Recently, ferromagnetic materials which can be used at high temperatures have drawn much attention of investigators [1] [2] [3] because the operating temperature of energy conversion systems such as transformer, turbine engine has been increased for the reasons of improvement in conversion efficiency and environmental problems. In particular, Fe-Co alloys are known to have higher Curie temperature and higher saturation magnetization than other ferromagnetic materials, so that the alloys have a high potential as a high temperature ferromagnetic material. Sidell and Jewell 2) designed and constructed a high temperature linear electromagnetic actuator, which could work at 1073 K with a force of 300 N and a stroke of AE0:5 mm by using Fe-24%Co based alloy. Pandey et al. studied high temperature magnetic properties of various transformer core materials and reported that grain-oriented silicon steel, which is commonly used as a transformer core material, showed more significant temperature dependences of the saturation magnetization and permeability than commercial 2 V Permendur (49%Fe-49%Co-2%V, non-magnetically annealed). 1) They concluded that the reliability of a silicon steel as a transformer core materials was limited to lower temperature around 473 K, while that of 2 V Permendur could be extended to 773 K. Moreover, they found that the temperature dependence of magnetic properties between 2 V Permendur and Supermendur (49%Fe-49%Co-2%V, magnetically annealed) were different although these two transformer core materials had the same chemical composition and almost the same magnetic properties at R.T. The difference in magnetic properties between 2 V Permendur and Supermendur comes from the different conditions of the processing of materials preparation (non-magnetic or magnetic annealing). This suggests that the temperature dependence of magnetic properties depends on the microstructure. In general, bulk magnetic properties are well known to depend on not only the intrinsic magnetic factors but also strongly on the microstructural features such as the grain size 4, 5) and texure. 6, 7) It is also well known that the magnetic properties are closely related to the dynamic behavior of the magnetic domains because the magnetic domain walls have to move for rearrangement of magnetic domains during magnetization process.
Szmaja et al. 8) observed the magnetic domain structure in Co single crystal in a temperature range from R.T. to 700 K by so-called scanning electron microscope (SEM) Type-I technique, 9) which can image particularly the stray magnetic fields from the sample surface. They found that the magnetic domains in Co showed coarsening above 450 K and they could not observe the Type-I contrast at temperatures above 501 K. The observed temperature-dependent magnetic domain structure was interpreted in connection with the change in the easy magnetization direction from c axis to a direction in the basal plane. Their observations were made at temperatures below 700 K because of the limitation of the experimental apparatus. The magnetic domain structure at temperatures near the Curie temperature was not clarified. Recently, Ambatiello et al. studied the temperature dependence of the magnetic domain structures in singlecrystalline magnetites (Fe 3 O 4 ) by the magneto-optical Kerr microscopy in the temperature range from R.T. to the Curie temperature (828 K). 10) They found that the width of stripe-shaped magnetic domains increased with increasing temperature up to the Curie temperature. The increase in the width was attributed to the change in the magnetostriction constant dependent on the temperature. However, magnetite (Fe 3 O 4 ) possesses much lower Curie temperature than that of Fe-Co alloy. Therefore, it is important to observe the dynamic behavior of the magnetic domains at high temperatures for understanding the high temperature magnetic properties and for development of high performance high temperature ferromagnetic materials.
In this study, we made in-situ observations of magnetic domain structure in Fe-Co binary alloys by the magnetooptical Kerr microscopy at temperatures ranging from R.T. to the Curie temperature (1103 K $ 1253 K) in order to reveal the dynamic behavior of the magnetic domain structure at high temperatures up to the Curie temperature.
Experimental

Materials
The materials used in this study were Fe-Co binary alloys with cobalt concentrations from 4.6 at% to 50 at%. The crystal structure of each alloy is bcc ( phase) in the temperature region where we examined in this study. Fe-Co alloys with Co concentration from 10 at% to 70 at% are known to show order/disorder transformation which is the transformation between B2 phase and A2 one. 11) They were prepared by vacuum-melting of electrolytic iron (99.5%) and cobalt (99.5%). Except for an Fe-50 at%Co alloy, the materials were casted, hot-forged, hot-rolled into plates of 8 mm in thickness and finally cold-rolled into sheets of 2.4 mm in thickness. An Fe-50 at%Co alloy was prepared by unidirectional solidification to obtain coarse grained sample suitable for observations by the magneto-optical Kerr microscopy.
The samples were annealed at 1173 K for 5 h$50 h in a vacuum of 2 mPa and then electropolished in a mixture of acetic acid, perchloric acid and methanol of 9 : 1 : 1 in volume ratio to remove the surface oxide layer. The surfaces were slightly coated with SiO in order to enhance the Kerr rotation angle, and further they were coated with SiO 2 for oxidation protection. The field emission-scanning electron microscope/electron backscattering diffraction pattern/orientation imaging microscope (FE-SEM/EBSP/OIM) analyses revealed that the average grain sizes of studied samples were 130 mm-200 mm with randomly oriented grains except for unidirectionally solidified one.
Magneto-optical Kerr microscopy
The magneto-optical Kerr microscopy was applied for insitu observatoins of the magnetic domain structures. An OLYMPUS BX-60 optical microscope with a heating stage (JAPAN HIGHTECH LK-1500), two polarizers and a mercury-vapor lamp was used in combination with a high sensitive CCD camera. During observation, Zr beads were put beside the sample as oxygen getter. The heating rate was kept constant of 0.17 K/s (10 K/min).
Measurements of magnetic properties
The magnetization curves for the samples with different Co concentrations were measured by a vibrating sample magnetometer (VSM) at the vibrating frequency of 80 Hz in temperature range from R.T. to 1173 K in order to correlate magnetic domain structure with magnetic properties at different temperatures.
Results and Discussion
3.1 Temperature-dependent magnetic properties 3.1.1 Saturation magnetization Figure 1 (a) shows the temperature dependence of the saturation magnetization for the Fe-Co alloys with different Co concentrations. The studied Fe-Co alloys except for the Co concentration of 50 at% were found to have a similar temperature dependence of the saturation magnetization at studied temperatures; the saturation magnetization rapidly decreased at temperatures above 0:8T c , where T c is the Curie temperature for each alloy. The Fe-50 at%Co alloy sample was found to have less temperature dependence of the saturation magnetization than Fe-4.6$19.2 at%Co alloys, so that the temperature-dependent saturation magnetization curve for the Fe-50 at%Co alloy crossed over other curves. In addition, a small cusp was recognized around 1020 K on the temperature-dependent saturation magnetization curve for the Fe-50 at%Co alloy. This temperature almost corresponds to the order/disorder transformation temperature (1003 K). The saturation magnetization for the studied Fe-Co alloy shows a peak around the Co concentration of 19.2 at% at temperatures up to 1100 K, as expected from the Co concentration dependence of magnetization in Fe-Co binary alloy system in the Slater-Pauling curve.
12) However, at the temperatures above 1100 K, the Fe-50 at%Co alloy was found to have the highest saturation magnetization probably because of the highest Curie temperature among the studied Fe-Co alloys. On the basis of the results shown in Fig. 1(a) , the values of saturation magnetization at different temperatures were normalized by the values at R.T. and plotted in Fig. 1(b) as a function of temperature normalized by the Curie temperature of each alloy. The exact value of the Curie temperature is not known for the Fe-50 at%Co alloy, so that the temperature for / transformation is often taken as the Curie temperature. The normalized curves ( Fig. 1(b) ) can be drawn in a single master curve except for that of the Fe-50 at%Co alloy sample. The observed systematic deviation for the Fe-50 at%Co alloy from the master curve may come from the value of the Curie temperature used for the Fe-50 at%Co alloy. Accordingly, we assume that the Curie temperature of the Fe-50 at%Co alloy is higher than the / transformation temperature. We tentatively determined the exact Curie temperature of the Fe-50 at%Co alloy to be 1370 K by curve fitting, which is about 100 K higher than the / transformation temperature (1253 K) of this alloy and by 20 K lower than the Curie temperature of pure Co (T c ¼ 1388 K). MacLaren et al. studied the electronic structure, exchange interactions and the Curie temperature in Fe-Co alloys with first principle calculations. 13) According to their calculation, the Curie temperature of an Fe-50 at%Co alloy is suggested to be higher than 1500 K, being by 130 K higher than the temperature estimated by the present analysis. Figure 2 shows the temperature dependence of the coercive force for the Fe-Co alloys with different Co concentrations. The coercive force for each alloy tends to decrease with increasing temperature. It should be noted, however, that the anomaly on the temperature-dependent coercive force appeared at the temperatures between 700 K and 1000 K; the coercive force of 9.5, 19.2 and 50 at%Co alloys shows a peak and the peak temperature increases with increasing Co concentration. Similar anomaly was recognized on the temperature-dependent remanent magnetization curves for the studied Fe-Co alloys except for the Fe-4.6 at%Co alloy. It is well known that the order/disorder transformation occurs in Fe-Co binary alloys, depending on Co concentration. The temperature at which the anomaly in the temperature dependence of the coercive force appeared almost corresponds to the order/disorder transformation temperature for the Fe-19.2 and 50 at%Co alloys. But the anomaly appeared at higher temperature than the order/ disorder transformation temperature in the Fe-9.5 at%Co alloy. As was shown in Fig. 1 , the temperature-dependent saturation magnetization did not show any anomaly except for the Fe-50 at%Co alloy. Even for the Fe-50 at%Co alloy, the observed cusp in the saturation magnetization was much smaller than the peak observed in the temperature-dependent coercive force. The coercive force and the remanent magnetization are known to be closely related to the dynamic behavior of the magnetic domain walls. The domain wall must interact with grain boundaries, dislocations, pores, etc. during magnetization. Moreover, the motion of the magnetic domain wall is considered to be strongly affected by the elastic strain field associated with the order/disorder transformation. According to Marcinkowski and Poliak, 14) the magnetic domain walls observed by the TEM/Lorentz microscopy were found to be straight in disordered Fe-Co alloys while they were highly irregular in the fully ordered Fe-Co alloy. The change in the domain wall configuration would affect the magnetic properties. Moreover, the order/ disorder transformation temperatures of Fe-19.2 at%Co and À50 at%Co alloys almost corresponded to the temperatures where the peak of the temperature-dependent coercive force appeared. Thus, it is likely that the observed peak of the temperature-dependent coercive force resulted from the dynamic interaction of domain walls with the strain field associated with the order/disorder transformation. Figure 3 shows successive observations of the change in the magnetic domain structures in Fe-4.6 at% Co alloy depending on observation temperature. The magnetic domains were observed as bright-or dark-contrast images characterized by wedge-shape type. With increasing temperature, small wedge-shaped domains gradually disappeared and coarsening of magnetic domains occurred in the temperature range up to 873 K (Figs. 3(a)-(d) ). As further increasing temperature, the magnetic domain structure changed from the wedge-shaped to coarse stripe-shaped type (Fig. 3(e) ). The contrast of the magnetic domain structure became weaker (Fig. 3(f) ) and finally disappeared near the Curie temperature ( Fig. 3(g) ). In order to describe the original grain boundary positions in the observed area, a schematic illustration is given in Fig. 3(h) with the inserted standard triangle indicating the grain orientation. The magnetic domain structure is generated by the balance among magnetostatic energy, exchange energy, magnetocrystalline anisotropy energy and magnetoelastic energy. Thus, the resultant magnetic domain structure strongly depends on the surface crystallographic orientation of individual grains. In particular, the wedge-shaped domain structure, which are characterized by the wedge-shaped domains (so-called the lancetor dagger-type domains) formed to reduce the magnetostatic energy when the grain surface orientation slightly inclines from the plane including the easy magnetization direction. Accordingly, the annihilation of wedge-shaped domains at higher temperature suggests that the magnetostatic energy decreases with increasing temperature. The temperature at which wedge-shaped domains almost disappeared is in good agreement with the temperature at which the saturation magnetization rapidly decreased as shown in Fig. 1(a) . Figure 4 shows the magnetic domain structure observed in the Fe-50 at%Co alloy. A grain boundary with the misorientation angle of 20. 7 locates horizontally in the middle of the observed area. The magnetic domain structures differ between two adjoining grains across the grain boundary. The magnetic domain structure within the upper grain appears more complicated than that in the lower grain, probably because the surface orientation of the upper grain is of high index while that in the lower grain is close to (101). The magnetic domain structure was observed to be stable at high temperatures up to 573 K (Figs. 4(a), (b) ). At the temperatures ranging from 573 K to 1123 K (Figs. 3(b) -(e)), the noticeable change in magnetic domain structure occurred and the wedge-shaped domains in the upper grain gradually disappeared, as was observed in Fe-4.6 at%Co alloy (Fig. 3) . The magnetic domain structure transformed as temperature was increased; the magnetic domains coarsened and passed through the grain boundary straightly (Figs. 4(e) , (f)). Ustinovshikov et al. reported that the order/disorder transformation in an Fe-50 at%Co alloy did not affect its magnetic properties such as the saturation magnetization and the coercivity. 15 ) However, we could recognize such a change in magnetic domain structure around the order/disorder transformation temperature (1003 K). The observed change in the magnetic domain structure should decrease the coercive force because the stripe-shaped domains readily move compared with the wedge-shaped domains that consist of 180 and 90 domain walls. However, the observed temperature-dependent coercive force of the Fe-50 at%Co alloy showed a peak at about 900 K as shown in Fig. 2 . Thus, the observed peak of the coercive force is considered to be related to the dynamic interaction between domain walls and the pinning sites against domain wall motion rather than the domain structure itself.
Coercive force
Temperature-dependent magnetic domain structure
At temperatures above 1100 K, the motion of magnetic domain walls could be clearly recognized. When temperature reached to the / transformation temperature, the phase appeared and invaded the phase (Fig. 4(g)) . Surprisingly, during the / phase transformation, we could observe the magnetic domain contrast in the grain interior. This finding obviously indicates that the Curie temperature of the Fe-50 at%Co alloy is higher than the / phase transformation temperature. Moreover, the magnetic domain walls in the grain interior tend to orient perpendicularly to / interphase boundary as shown in Fig. 4(g) . The reason why the magnetic domain walls tend to orient perpendicularly to the interphase boundary has not yet been well understood. There are many affecting factors, such as magnetostatic energy, exchange energy, magnetocrystalline anisotropy energy and magnetoelastic energy, affecting the magnetic domain structure evolution. The / phase transformation is accompanied with the volume change due to the difference of crystal structure (bcc or fcc), so that the strain field around the interphase boundary associated with the / phase transformation likely interacts with the elastic strain of domain walls. Such interaction between interphase boundary and domain walls would be minimized when the domain walls orient perpendicularly to the interphase boundary because the interacting area of domain walls perpendicular to interphase boundary must be much smaller than that parallel to the interphase boundary. Moreover, when the domain walls orient perpendicularly to the interphase boundary, the stray field from the ferromagnetic grain to the grain may become the minimum at the interphase boundary. Figure 5 shows the velocity of moving domain walls as a function of temperature. We evaluated the velocity of moving domain walls by measuring the displacement of the domain wall position for one minute. The motion of domain walls could be recognized in the temperature range almost above the order/disorder transformation and gradually increased with increasing temperature. Then, near the / phase transformation temperature, it abruptly increased by twoorders of magnitude. The observed rapid motion of domain walls ($10 À6 m/s) near the / phase transformation temperature may be considered to be due to the strain field associated with the / phase transformation. According to Ohmura et al., the change in the lattice parameter between ordered and disordered Fe-Co alloys was reported to be approximately 5 Â 10 À2 %, 11) which is much smaller than the change by the / phase transformation in Fe ($1%). Thus, the strain field caused by the / phase transformation is probably responsible for the rapid motion of magnetic domain walls. On the other hand, the slow motion of magnetic domain walls ($10 À8 m/s) was observed at temperatures between 1000 K and 1200 K. There are three possible driving forces for the slow motion of domain walls originated from (1) the strain field due to the difference in the thermal coefficients between the sample and coating films (SiO and SiO 2 ), (2) the strain field due to the order/disorder transformation, and (3) the thermal vibration. Among these three possible reasons, it is unlikely that the difference in the thermal expansion coefficients can be the main reason because the effect of the thermal expansion is originated from the temperature difference. The order/disorder transformation is probably completed at the temperature up to 1003 K, so that it is difficult to consider that the strain field due to the order/disorder transformation causes the domain wall motion at temperatures between 1000 K and 1200 K. The effect of the thermal vibration on the domain wall motion should be taken into account. To our knowledge, little reliable information is available from theoretical studies about it. Thus, the problem what is the origin of the domain wall motion at temperatures between 1000 K and 1200 K is still open to be clarified. Figure 6 shows the average domain width as a function of observation temperature for the sample surfaces of (a) Fe-4.6 at%Co and (b) Fe-50 at%Co alloys. The average domain width in the Fe-4.6 at%Co alloy was found to increase by twice larger than at R.T. with increasing temperature in the temperature range from 600 K to 900 K. On the other hand, the temperature dependence of the average domain width in the Fe-50 at%Co alloy depended on the surface orientation; the average domain width did not change significantly in the lower grain while it increased in the temperature range from 1100 K to the / phase transformation temperature in the upper grain. However, the domain widths at 1250 K in the upper and lower grains were almost the same. The increase in the domain width with increasing temperature was considered to be due to the decrease in the magnetostatic energy because the grain interior in ferromagnetic materials is divided into magnetic domains to reduce the magnetostatic energy. The magnetostatic energy can be decreased by decreasing the saturation magnetization or the magnetocrystalline anisotropy energy. If the magnetocrystalline anisotropy energy could decrease to small enough and the magnetization direction orients parallel to the sample surface High Temperature In-situ Observations of Magnetic Domains in Fe-Co Alloyswith increasing temperature, the magnetostatic energy would go to a minimum. Gengnagel and Hofman studied the temperature-dependent magnetocrystallline anisotropy in Fe. 16) According to their results, the magnetocrystalline anisotropy decreases with increasing temperature. However, the dependence of the magenetocrystalline anisotropy is the most significant at temperatures from 400 to 600 K, which is much lower than the temperatures where the increase in the domain width was observed in this study (>800 K). Moreover, the domain wall energy is proportional to the square root of the magnetocrystalline anisotropy energy. Thus, the domain wall density should not necessarily decrease because the specific domain wall energy itself also decreases. On the other hand, the temperature at which an increase in the domain width was observed almost corresponds to the temperature of the rapid decrease in the saturation magnetization. Therefore, it is likely that the increase in the domain width with increasing temperature primarily comes from the decrease in the saturation magnetization. The magnetic domain structure in the lower grain in the Fe-50 at%Co alloy sample probably corresponded to almost the minimum of the magnetostatic energy even at R.T. because the surface orientation is close to (110). This is the probable reason why we could not observe any significant change in the average domain width in the lower grain in the Fe-50 at%Co alloy sample.
The difference between the domain width near the Curie temperature in Fe-4.6 at%Co and Fe-50 at%Co alloys can be explained in connection with the difference in the magentocrystalline anisotropy energy. The magnetocrystalline anisotropy energy in Fe-Co alloys has been reported to depend on Co concentration and it decreases with increasing Co concentration from 0 to 70%Co. 17, 18) Then, the specific domain wall energy would be higher in an Fe-4.6 at%Co alloy than an Fe-50 at%Co alloy. Therefore the average domain size (the density of domain walls) is probably larger in an Fe-4.6 at%Co alloy than an Fe-50 at%Co alloy.
Summary
In-situ observations of the magnetic domain structures were made in Fe-Co alloys by the magneto-optical Kerr microscopy to understand the effect of temperature on the magnetic domain structure. Successive observations were made at high temperature up to 1253 K. The magnetic domain structure observed in an Fe-4.6 at%Co alloy was found to coarsen with increasing temperature, and eventually disappeared at the Curie temperature. The magnetic domain contrast could be clearly observed in an Fe-50 at%Co alloy at the / phase transformation temperature. From the measurements of the temperature-dependent saturation magnetization and the magnetic domain structure observations, the Curie temperature of an Fe-50 at%Co alloy was suggested to be 100 K higher than the / transformation temperature. The observed increase in the average domain width with increasing temperature was ascribed to a decrease in the saturation magnetization. Provided that an Fe-50 at%Co alloy has the Curie temperature higher than the / phase transformation temperature, it is most likely that a high performance ferromagnetic material based on Fe-Co alloy can be developed by stabilizing the phase in Fe-Co alloy system.
